Mesangial cell (MC) proliferation is one of the important pathological features of obesity-associated nephropathy with unknown etiology. Excessive MC proliferation can cause glomerulosclerosis and renal function loss. Thus, targeting MC proliferation may be a potential strategy for the treatment of obesity-associated kidney disease. The present study was undertaken to investigate the role of celastrol in MC proliferation induced by ox-LDL, as well as the potential mechanisms. Following ox-LDL treatment, MC proliferation was induced and the NLRP3 inflammasome was activated, as evidenced by increased NLRP3 levels, caspase 1 activity, and IL-18 and IL-1β release. Significantly, NLRP3 siRNAs inhibited MC proliferation and delayed cell cycle progression, as indicated by the cell cycle assay and the expression of cyclin A2 and cyclin D1. Given the anti-inflammatory effect of celastrol, we pretreated MCs with celastrol before ox-LDL treatment. As expected, celastrol pretreatment strikingly inhibited NLRP3 inflammasome activation and MC proliferation triggered by ox-LDL. In summary, celastrol potently blocked ox-LDL-induced MC proliferation, possibly by inhibiting NLRP3 inflammasome activation. These findings also suggest that celastrol may be a potential drug for treating proliferative glomerular diseases related to obesity and lipid disorders.
Introduction
Considerable evidence has shown that obesity-related metabolic syndrome (MetS) is a major risk factor for glomerulopathy [1] [2] [3] [4] [5] [6] . Lipid metabolism disorders are commonly associated with hyperlipidemia and the glomerular accumulation of atherogenic lipoproteins, of which the oxidatively modified low-density lipoprotein (ox-LDL) is a compelling contributor to glomerular mesangial proliferation, inflammation and extracellular matrix (ECM) expansion, which ultimately leads to glomerulosclerosis and nephron loss [7] [8] [9] [10] [11] [12] . Thus, targeting mesangial cell (MC) proliferation in obesity and MetS is of importance for treating or preventing proliferative glomerulopathy. The nucleotide binding and oligomerization domainlike receptor family pyrin domain containing three (NLRP3) inflammasome was recently reported to be involved in various diseases, and the activation of the NLRP3 inflammasome results in the cleavage of pro-IL-1β and pro-IL-18 into the pro-inflammatory cytokines IL-1β and IL-18 [13] [14] [15] . In kidney MCs, recent research has demonstrated that activation of the NLRP3 inflammasome contributes to high-glucose-induced rat mesangial cell inflammation and immunoglomerulonephritis 11, 16, 17 . However, the role of the NLRP3 inflammasome in lipidrelated mesangial cell proliferation remains unclear.
Celastrol is a triterpene extracted from the traditional Chinese medicinal plant Tripterygium wilfordii Hook F and is listed by the journal Cell as one of the five traditional medicinal compounds most likely to be developed as a modern drug [18] [19] [20] . Accumulating evidence indicates that celastrol exhibits potent anti-inflammation, antiimmunity, and anti-cancer effects 18, [21] [22] [23] . Previous studies have found that celastrol can inhibit the activation of the NLRP3 inflammasome in the innate immune defense 18, 24, 25 . Additionally, celastrol-albumin nanoparticles are effective in treating mesangioproliferative glomerulonephritis in rats stimulated by anti-Thy1.1 26 . However, the mechanism underlying the effect of celastrol against mesangial cell overproliferation in such models is not understood. Moreover, whether celastrol has a similar effect against lipid-induced MC proliferation still needs to be studied. Considering the contribution of the NLRP3 inflammasome to MC pathology and the effect of celastrol on NLRP3 inflammasome activation, we hypothesize that celastrol may be beneficial against lipid disorderassociated MC proliferation and NLRP3 inflammasome activation.
Results

Ox-LDL-induced MC proliferation
To confirm that ox-LDL treatment can induce MC proliferation, in the present study, we treated MCs with various concentrations of ox-LDL (0, 5, 10, 20, 50, and 100 μg/ml) for 24 or 48 h. As expected, ox-LDL-induced MC proliferation in a dose-and time-dependent manner (Fig. 1a, b) . We also measured the expression of cyclin A2 and cyclin D1, which belong to the cyclin family and are involved in regulating cell cycle progression, after ox-LDL stimulation. Western blot results showed that ox-LDL significantly increased cyclin A2 and cyclin D1 protein expression, especially at 50 μg/ml (Fig. 1c-e) , suggesting that the mechanism by which ox-LDL induces MC proliferation may involve the cell cycle.
Celastrol attenuated MC proliferation induced by ox-LDL
We investigated whether celastrol is effective in preventing ox-LDL-induced MC proliferation. First, we tested a series of concentrations of celastrol to determine its influence on MC viability. Celastrol did not have an obvious cytotoxic effect on MCs, even at 100 mM (Fig. 2a) . Then, 50 mM celastrol was chosen for subsequent experiments. Following celastrol treatment, the ox-LDL-induced upregulation of cyclin A2 and cyclin D1 protein expression was significantly blocked (Fig. 2b-d) . By the EDU test, we observed that celastrol decreased cell proliferation induced by ox-LDL (Fig. 2e) .
Celastrol blocked ox-LDL-induced cell cycle progression in MCs
Owing to the known role of cell cycle progression in cellular proliferation and the above evidence showing the The data are shown as the mean ± SD of three replicates. **P < 0.01 vs. the "0" control group, ***P < 0.001 vs. the "0" control group effect of celastrol on the regulation of cyclin A2 and cyclin D1, we further explored the action of celastrol on cell cycle progression. The number of cells in each cell cycle phase was analyzed by DNA propidium staining. As shown in Fig. 3 , ox-LDL increased the number of cells both in the S phase and G2-M phase and decreased the number of cells in the G0-G1 phase, indicating that it promoted cell cycle progression. Strikingly, celastrol decreased the number of cells in the G2-M phase, and there was a trend towards a decreased number of cells in the S phase ( Fig. 3a-e) . These results strongly suggest that celastrol is a potent blocker of cell cycle progression in MCs during challenge with ox-LDL.
Ox-LDL triggered NLRP3 inflammasome activation in MCs
A previous study suggested the contribution of the NLRP3 inflammasome to high-glucose-induced MC proliferation. Therefore, we detected the effect of ox-LDL on the activation of the NLRP3 inflammasome. As expected, ox-LDL upregulated the protein expression of NLRP3 and pro-caspase 1 ( Fig. 4a-c) , enhanced caspase 1 activity ( Fig. 4d ) and increased the secretion of IL-18 and IL-1β in the MC culture medium (Fig. 4e, f ). These results demonstrate that ox-LDL can activate the NLRP3 inflammasome in MCs.
Celastrol inhibited NLRP3 inflammasome activation triggered by ox-LDL in MCs
To evaluate the role of celastrol on NLRP3 inflammasome activation, MCs were treated with celastrol before ox-LDL stimulation. As shown in Fig. 5a -c, celastrol pretreatment suppressed the protein expression of NLRP3 and pro-caspase 1 induced by ox-LDL. Furthermore, caspase 1 activity was also significantly inhibited by celastrol (Fig. 5d ). Consistent with these results, the release of IL-18 and IL-1β in the MC culture medium was reduced significantly (Fig. 5e, f) . The above results demonstrate a strong action of celastrol on inhibiting NLRP3 inflammasome activation in MCs triggered by ox-LDL. Densitometric analysis of the western blots. e MC proliferative activity was measured by the EDU test. Scale bars, 100 μM. Vehi, vehicle. The data are shown as the mean ± SD of three replicates. **P < 0.01, ***P < 0.001 Fig. 3 Celastrol blocked ox-LDL-induced cell cycle progression in MCs. a Representative images of the stages of the cell cycle, which were detected by flow cytometry. b-e Percentage of cells in the different cell cycle phases. The data are shown as the mean ± SD of three replicates. ns, not significant. *P < 0.05, **P < 0.01, ***P < 0.001 Fig. 4 Ox-LDL triggered NLRP3 inflammasome activation in MCs. a Protein expression of NLRP3 and pro-caspase 1 was measured by western blot. b, c Densitometric analysis of the western blots. d Caspase 1 activity was measured by a caspase 1/ICE colorimetric assay. e, f The levels of IL-18 and IL-1β in the MC culture medium were detected by ELISA. The data are shown as the mean ± SD of three replicates. *P < 0.05, **P < 0.01, ***P < 0.001 vs. the "0" control group
Silencing NLRP3 inhibited NLRP3 inflammasome activation triggered by ox-LDL in MCs
To further explore the role of the NLRP3 inflammasome in MC proliferation induced by ox-LDL, NLRP3 smallinterfering RNA (siRNA) was used in MCs. As shown by the data, two NLRP3 siRNA candidates markedly blocked NLRP3 protein expression (Fig. 6a, b) . Then, we transfected MCs with a mixture of the two effective NLRP3 siRNAs before ox-LDL treatment and found that NLRP3 deficiency blocked the upregulation of pro-caspase 1 induced by ox-LDL (Fig. 6c, d) . Furthermore, enhanced caspase 1 activity and the release of IL-18 and IL-1β induced by ox-LDL in MCs were significantly blunted by celastrol treatment (Fig. 6e-g ). These data indicate that silencing NLRP3 can effectively block the activation of the NLRP3 inflammasome triggered by ox-LDL in MCs.
Inactivation of the NLRP3 inflammasome attenuated MC proliferation induced by ox-LDL Next, we examined the effect of NLRP3 inflammasome in activation on MC proliferation induced by ox-LDL. As expected, inactivating the NLRP3 inflammasome by silencing NLRP3 significantly blocked the upregulation of cyclin A2 and cyclin D1 protein expression caused by ox-LDL (Fig. 7a-c) . By the EDU test, we observed that NLRP3 inflammasome inactivation obviously suppressed the proliferative activity of MCs induced by ox-LDL (Fig.  7d) . These data suggest a pathogenic role for the NLRP3 inflammasome in ox-LDL-induced MC proliferation.
Inactivation of the NLRP3 inflammasome blocked ox-LDLinduced cell cycle progression in MCs
Finally, we determined the effect of NLRP3 inflammasome inactivation on cell cycle progression induced by ox-LDL in MCs. As shown in Fig. 8 , during challenge with ox-LDL, the number of cells in the G2-M phase was decreased significantly in the MCs transfected with NLRP3 siRNAs, and there was a trend towards a decreased number of cells in the S phase (Fig. 8a-e) . The above results indicates that NLRP3 inflammasome activation contributes to ox-LDL-induced cell cycle progression in MCs.
Discussion
With the elevated prevalence of obesity worldwide, the occurrence of obesity-related glomerulopathy has increased. Mesangial cell proliferation is an important pathological feature of obesity-related glomerulopathy, which may contribute to glomerular hypertrophy and subsequent glomerulosclerosis and renal function decline. Therefore, finding a drug to control MC proliferation associated with obesity and hyperlipidemia is important. Here we found that ox-LDL treatment promotes MC proliferation, which is effectively attenuated by celastrol. In addition, we found that NLRP3 inflammasome activation may be involved in ox-LDL-induced MC proliferation, and the antagonizing effect of celastrol on MC proliferation may occur through the inhibition of this inflammasome.
Celastrol is a natural product with potential pharmacological activities, including anti-cancer, antiinflammation, and anti-immunity activities. In recent years, research on celastrol has shown its effect against obesity and metabolic diseases [27] [28] [29] [30] . Interestingly, a study showed that celastrol-albumin nanoparticles are effective in treating anti-Thy1.1-induced mesangioproliferative glomerulonephritis in rats. The study focused on determining the optimal size of celastrol-albumin nano particles to obtain more accumulation in the glomeruli, as well as their role in glomerular injury, but the detailed molecular mechanism of celastrol against mesangial cell proliferation was not defined. Additionally, whether celastrol can affect ox-LDL-induced MC proliferation has not been reported. In this study, we found that celastrol attenuates Fig. 6 Silencing NLRP3 inhibited NLRP3 inflammasome activation triggered by ox-LDL in MCs. a-c Western blot analysis for the protein expression of NLRP3 and pro-caspase 1. NC, negative control. b-d Quantitative analysis of the western blots. e Caspase 1 activity was measured by a caspase 1/ICE colorimetric assay. f, g The levels of IL-18 and IL-1β in the MC culture medium were detected by ELISA. The data are shown as the mean ± SD of three replicates. *P < 0.05, **P < 0.01, ***P < 0.001 ox-LDL-induced MC proliferation and cell cycle progression, suggesting a role for celastrol in antagonizing lipid disorder-related glomerular disease.
Hyperlipidemia and the accumulation of atherogenic lipoproteins are commonly accompanied by inflammation, which is positively related to the development of glomerular mesangial proliferative diseases 3, 6, 9 . Additionally, previous studies have suggested that the NLRP3 inflammasome is involved in high-glucose-induced MC proliferation. However, the role of the NLRP3 inflammasome in ox-LDL-related MC proliferation is still unknown. Our data showed a notably upregulated expression of NLRP3 inflammasome components in line with increased caspase 1 activity and IL-18 and IL-1β release in MC culture medium, which confirmed that the NLRP3 inflammasome was activated in MCs stimulated with ox-LDL. NLRP3 knockdown by siRNA not only inhibited the activation of the NLRP3 inflammasome but also blocked MC proliferation induced by ox-LDL. The above results demonstrate that the NLRP3 inflammasome is an important contributor to MC proliferation induced by ox-LDL. Our data also show that celastrol inhibits NLRP3 inflammasome activation induced by ox-LDL, which suggests that celastrol inhibits ox-LDL-induced MC proliferation and cell cycle progression by blocking NLRP3 inflammasome activation.
In summary, in the present study, we report that celastrol effectively attenuates MC proliferation induced by ox-LDL, possibly through inhibiting NLRP3 inflammasome activation. The above findings strongly suggest that the clinical application of celastrol may play multiple beneficial roles in obesity and obesity-associated nephropathy.
Materials and methods
Reagents and antibodies
Ox-LDL was purchased from Yiyuan Biotech (Guangzhou, China). Celastrol was purchased from Sigma (St. Louis, MO). Dulbecco's modified Eagle's medium (DMEM), fetal bovine serum (FBS), and 0.25% trypsin-EDTA were purchased from Gibco (Invitrogen, Grand Island, NY). A cyclin A2 rabbit polyclonal antibody and a cyclin D1 mouse monoclonal antibody were purchased The data are shown as the mean ± SD of three replicates. **P < 0.01, ***P < 0.001 from Proteintech (USA). Anti-NLRP3 and anti-β-actin were provided by Abcam (Cambridge, MA). Anti-mouse caspase 1 (p20) was purchased from Adipogen (San Diego, USA).
Cell culture
Mouse mesangial cells (MCs) were obtained from the China Center for Type Culture Collection (CCTCC, Wuhan, China) and were cultured in DMEM supplemented with 10% FBS at 37°C with 5% CO 2 . The cells were subcultured at 80-90% confluence using trypsin-EDTA (0.25%).
CCK-8 assay
MCs were plated in 96-well plates and treated with different doses (0, 5, 10, 20, 50, and 100 μg/ml) of ox-LDL for 24 h. Then, the cells were incubated with 10 μl of CCK-8 solution for 2 h. The optical density at 450 nm was determined.
Western blotting
After treatment, cell lysates were collected using RIPA buffer supplemented with protease and phosphatase inhibitors. Whole protein supernatant was obtained by centrifuging at 12,000 × g for 15 min at 4°C. The protein concentration was determined with a BCA protein assay kit (Beyotime, Shanghai, China). The proteins were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred onto polyvinylidene difluoride (PVDF) membranes (Bio-Rad). After blocking in defatted milk, the membranes were incubated with primary antibodies against cyclin A2, cyclin D1, NLRP3, caspase 1 (p20), and β-actin, followed by incubation with secondary antibodies. The immunoreactive bands were detected with ECL reagents using a gel imager (Bio-Rad). The signals obtained from western blotting were quantified with ImageJ software. The internal control β-actin was used to normalize loading variations.
siRNA transfection and EDU assay
MCs were plated in 24-well plates. The cells were pretreated with celastrol (50 μM) or transfected with siNLRP3/NC, followed by treatment with ox-LDL for 24 h. At each time point, the cells were incubated with EDU solution, fixed with paraformaldehyde, and stained with Apollo 488, followed by nucleus staining using Hoechst 33342. Finally, the cells were imaged using a fluorescence microscope (Olympus, Tokyo, Japan).
Cell cycle analysis
MCs were harvested using 0.25% trypsin, followed by 70% ethanol fixation, RNase A treatment and propidium iodide staining according to the protocol of the cell cycle detection kit (KeyGEN, Shanghai, China). The number of cells in each cell cycle phase (G0-G1, S, and G2-M) was determined by flow cytometry using a BD FACS Calibur flow cytometer (Bedford, MA), and data analysis was performed with ModiFIT 3.0 software. 
Enzyme-linked immune sorbent assay (ELISA) assay
The cell culture medium was collected after treatment and centrifuged at 2000 rpm for 10 min. The supernatant was collected for cytokine analysis. The concentrations of the cytokines IL-18 and IL-1β were determined according to the manufacturer's instructions using ELISA kits (Elabscience, Wuhan, China).
Caspase 1/ICE colorimetric assay
Caspase 1 activity was determined using a caspase 1/ICE colorimetric assay kit (BioVision, USA). Once the treatment was terminated, the cell lysates were collected using chilled cell lysis buffer, and the supernatant was collected after centrifugation. The protein concentration was determined with a BCA protein assay kit (Beyotime), and 100-200 μg of protein from each sample was incubated with reaction buffer and YVAD-ρNA substrate at 37°C for 2 h. The samples were read at 405 nm using the Multiskan FC (Thermo Scientific).
Statistical analysis
Statistical analysis was conducted using SPSS version 21.0 (Chicago, IL, USA). Each experiment was repeated at least three times. The data are presented as the mean ± SD and were analyzed by ANOVA. P < 0.05 was considered statistically significant.
